Ellipsometric characterization on the basis of multi-layered modeling is proposed to describe the optical and electrical property transients of hydrogenated films. In particular, two-step modeling is developed to make ellipsometric characterization on the yttrium film and the palladium capped yttrium film deposited on the SiO 2 glass substrate. In the former, Y 2 O 3 film deposited on SiO 2 substrate is prepared to estimate the dielectric response of yttrium oxide layer as the first step. These data are further utilized in the second step to determine optical and electric properties of yttrium-base multi-layers which are composed of metallic yttrium, composite of metallic yttrium and Y 2 O 3 , and Y 2 O 3 layer with surface roughness. In the latter, a palladium film deposited on SiO 2 substrate is prepared to investigate the dielectric response of palladium hydrides. The estimated dispersion functions are further used in the multi-layered modeling for hydrogenated Pd-capped yttrium films on the SiO 2 substrate. Under the ambient hydrogen pressure, palladium coated yttrium films have low resistivity and hydrogenated yttrium is still metallic. This palladium coating works as a top capping layer for yttrium film during hydrogenation and de-hydrogenation.
Introduction
Since the first finding on the switching mirror of yttrium hydride, 1) metal-insulator transition in hydrogenation of metals has been a popular issue of research and development. Among various candidate metals and alloys, yttrium is still an attractive material to investigate the optical behavior of hydrides. 2, 3) Its optical property change during hydrogenation has strong dependence on the hydrogen concentration. In the early stage, -YH x<0:21 is metallic with reflection, and, metallic hydride (-YH 2þ$ or -YH 2À$ ) is very weakly transparent. In the final stage, a semi-conducting phase of -YH 3À becomes completely transparent. The transparent window starts to open when x ¼ 1:8 but closes off at x ¼ 2:09 before opening again gradually to its full transparency at x ¼ 2:9 across a broader spectrum. As had been reported, this optical change is reversible between YH 2 and YH 3 ; however, the window is not fully shut after deloading and dehydrogenation process. To be further complicated, this switching process has a significant large hysteresis. 4, 5) Band structure models were used in the theoretical approach to describe the transparent state or the opening of bandgap in the hydrogenated rare-earth thin films. 6, 7) There is also a mess in theoretical modeling. The dramatic change in the optical property is explained by the structural distortion or Peierls distortion. 8) The strong electron correlation model is effective to describe the windowing behavior. In addition, neither strong electron correlation nor the distortion mechanism is needed in the recent GW approximation. 9) In order to loosen this tangled issue, more data and information must be experimentally obtained with respect to the change of electrical structure and optical properties during hydrogenation and dehydrogenation.
Ellipsometry has grown to be one of the most effective methods to make characterization on various thin films with respect to electrical and optical property transients in oxidation and evaporation. 10, 11) In order to make full use of ellipsometric data, theoretical modeling has been developed for measurement of thin film thickness and refractive index 12) and for quantitative description of optical and electric properties. 13) Without rationally designed modeling, accurate properties cannot be estimated in practice. In particular, reliable modeling tool with sufficient robustness is needed to deal with variable thin film structures during hydrogenation and de-hydrogenation processes. 14) In the present paper, an ellipsometric characterization method is developed to quantitatively evaluate on the optical and electric properties of multi-layered thin film system even during hydrogenation. Four types of dielectric dispersive functions with two auxiliary functions are available to deduce the parameters in electrical structure by rationally curvefitting the ellipsometrically measured data. Two-step procedure is proposed to construct a rational multi-layered model corresponding to microstructure of hydrogenated thin films.
At first, an yttrium oxide film deposited on SiO 2 substrate is prepared to determine the dielectric functions of yttrium oxide or Y 2 O 3 layer as the first step in the present multilayered model. These obtained functions are further utilized as the second step to quantitatively describe the optical and electric properties of yttrium-base multi-layers. This model represents the dielectric response of multi-layered system, which is composed of the metallic yttrium layer, the composite layer of yttrium and Y 2 O 3 , and the Y 2 O 3 top layer with the surface roughness.
In the second, a palladium film deposited on SiO 2 substrate is prepared in Step-I to characterize the palladium hydride or PdH x formation during hydrogenation at ambient hydrogen pressure. The obtained dielectric dispersion functions for PdH x are further utilized in Step-II to compile the multilayered modeling for hydrogenated yttrium films on the SiO 2 substrate. Through this multi-layered modeling, optical and electric properties of yttrium hydrides during hydrogenation are quantitatively described and role of palladium capping is also evaluated.
Multi-Layered Modeling

Ellipsometric response
Ellipsometric response function, &, is defined by the ratio of the Fresnel complex reflection coefficientR R p for ppolarized light toR R s for s-polarized light. This & is further provided by the experimental measurement. That is,
where tan ( ) is the magnitude of the ratio of p-direction complex reflection coefficient to s-direction one, and, Á, the phase difference between the p-and s-reflection coefficients.
As depicted in Fig. 1 , this change in amplitude and phase shift is induced by the material response. This materials response is characterized by the parametric dielectric function:
where the real part of "ð!Þ, " 1 , is a ratio of electric displacement D to the electric field E, and its imaginary part, " 2 , the phase shift between D and E. These " 1 and " 2 are correlated with each other by the Kramers-Kronig relation. Both the refractive index n and the extinction coefficient k are related with the above dielectric function by
From this equation, both n and k are respectively provided from " 1 and " 2 by
and
where ! is the wavelength.
Dielectric dispersive functions
The dielectric dispersion function, DF, is strongly dependent on the electronic band structures. In particular, its imaginary part, " 2 , is sensitive to disorder and roughness in the thin film. 15) Hence, the direct electronic band transition energies as well as their amplitude and broadening parameters are estimated by optimum curve fitting of DF via physically relevant model functions. 16, 17) Four types of model functions are used to determine the transition energies in the Brillouin zone from the ellipsometric measurement data: Cauchy, Drude, Lorentzian and Tauc-Lorentz functions.
Auxiliary dispersive functions
The hydrogenated thin films include the oxide particles in them. Furthermore, these thin films have often a significant surface roughness in ellipsometric measurement. Two additional models are prepared to evaluate the contribution of dispersoids in thin films and surface roughness to the dielectric function. Maxwell-Garnet effective medium approximation (MG-EMA) is used to describe a dielectric medium containing small amount of metallic constituents in thin film matrix. The dielectric function model for surface roughness (SRM) is deduced after the Bruggemann EMA (B-EMA).
16)
Multi-layered modeling
Besides the surface roughness, thin films deposited on the substrate are subjected to various disturbances in practice. Even in the single-phase yttrium film on the substrate, a part of deposited yttrium is often oxidized and an original yttrium film becomes a mixture of yttrium oxide, Y 2 O 3 with metallic yttrium. Hence, the dispersive function representative for Y 2 O 3 must be built in at the first step for ellipsometric measurement of this yttrium deposited films. Different from the conventional multi-layered modeling, 16 ) the present modeling is based on the step-by-step procedure to quantitatively investigate the effect of hydrogenation on the optical and electric properties of the Pd-capped yttrium films. Use of stepwise measured dispersive functions is essential to reliable evaluation on these property changes during hydrogenation.
As shown in Fig. 2 (a), two-layered model for Y 2 O 3 -substrate system is constructed as the Step-I procedure in the multi-layered modeling to describe the dielectric response of Y 2 O 3 films. Then, the four-layered model is built in to evaluate the surface roughness as the first layer and the mixture of Y 2 O 3 with Y as the second layer together with metallic yttrium layer and substrate as the Step-II procedure.
This multi-layer modeling is also effective to describe the dielectric response of hydrogenated and de-hydrogenated thin film systems in practice. In the case of palladium capped yttrium film system, dielectric dispersive function must be compiled to describe the hydrogenation and de-hydrogenation of palladium. As shown in Fig. 2(b) , two-layered model is used to determine the change of dielectric response during hydrogenation by in-situ formation of palladium hydride or PdH x layer from the starting Pd film on the substrate. Then, the four-layered model is built in as the Step-II procedure to describe the hydrogenation process of the Pd-capped yttrium thin films. In this modeling, hydrogenation of Pd and Y as well as formation of composites for Y, PdH x and Y 2 O 3 is considered as a layered system. 
Experimental Procedure
Sample thin films were deposited at room temperature by means of an ion beam sputtering system on the c-Si and the SiO 2 glass substrates. These substrates were etched with H 2 NO 3 for 600 s before they were cleaned with ethanol by ultrasonic. After rinsing with pure water, the substrates were dried by nitrogen and immediately loaded into the sputtering apparatus. The ultra-high-vacuum (UHV) chamber was first flushed with argon to minimize oxygen contamination and then reduced to 10 À6 Pa. During the deposition, the pressure of the UHV-chamber was held constant, 5:4 Â 10 À2 Pa. The flow-rate of the argon gas was 3 sccm. Before actual deposition on substrates, dummy deposition was carried out to ensure the targets free from oxides formed during sample unloading.
Variable angle spectroscopic ellipsometer (VASE, J. A. Woolam Co.) was used to make spectroscopy in the range from 250 to 1100 nm at three different incident angles (). Theoretical modeling is designed and constructed to describe the optical properties of yttrium and hydrogenated yttrium films for the prepared samples. VASE system was also utilized to measure the optical transmission and reflection.
Phase of deposited and hydrogenated films was detected by X-ray diffraction (XRD) method. Microstructure of multilayered films was investigated by scanning electron microscope (SEM) and transmission electron microscope (TEM). Local crystallographic structure was identified by selected area electron dispersive (SAED) method.
Pure Pd film on glass substrate for the ellipsometric measurement was hydrogenated at ambient pressure and humidity. Figure 3 depicts a typical XRD profile of hydrogenated Y/Pd films in their equilibrium state. Yttrium dihydride film (YH 2AE$ ) was synthesized by this hydrogenation process.
Experimental Results and Discussion
Ellipsometric characterization on metallic yttrium
film Optical properties of pure yttrium films are determined by using two step multilayered model as listed in Table 1 . Since the yttrium surface is easy to be quickly oxidized, oxide layer as well as surface roughness is taken into account in this model. In the step-I, Y 2 O 3 film deposited on the glass substrate is represented as a two layered model to describe the oxide layer on the surface of the metallic yttrium film, or, at the interface between the substrate and the yttrium film. In the step-II, metallic yttrium film deposited on the substrate is expressed as a four-layered model.
4.1.1
Step-I in the ellipsometric characterization on metallic yttrium film The Cauchy dispersive function is applicable to glass substrate and yttrium oxide, which are transparent in the range of visible light. Both n and k measured for SiO 2 substrates are compared with those in the J. A. Woolam ellipsometer reference database.
16) The refractive index is in fairly good agreement with reference data. The extinction coefficient becomes almost zero in silica. Figure 4 depicts the variation of the extinction coefficient, k and the refractive index, n in the function of wavelength, !, for Y 2 O 3 thin film. Since sample film is highly transparent, k Step-I
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VASE Transmittance Reflectance Measurement
Step-II VASE Reflectance Measurement (a) Multi-layered model for yttrium film.
Hydrogenation Hydrogenation
Step-I Step-II VASE Reflectance Measurement (b) Multi-layered model for Pd-capped, yttrium film. Step I Glass (SiO 2 ) substrate
is almost zero and n is lower than that for the bulk Y 2 O 3 . This is partially because the refractive index for yttrium oxide film strongly depends on the microstructure of the film. 18) Table 2 lists the parameters of yttrium oxide in the Cauchy dielectric function.
4.1.2
Step-II in the ellipsometric characterization on metallic yttrium film Ellipsometry measurement results of É and Á as well as their curve-fitting, are shown in Fig. 5 . Model fit curves are determined by minimization of the mean-square-error (MSE). 16) Pure yttrium deposited on the substrate is represented by four layers, as listed in Table 3 . Surface roughness is implemented by incorporating the porosity with v b ¼ 0:5 in the yttrium oxide matrix. Its dispersive function is provided by B-EMA.
Dielectricity for surface oxidized layer is provided by MG-EMA. The obtained dielectricity for Y 2 O 3 in Table 2 is used as" " m in this approximation. Dielectric dispersion for the yttrium was cited from the ellipsometer database for bulk material. This composite oxide layer with the thickness of 8.99 nm has a small amount of metallic yttrium of 0.714%.
Dielectric function for the yttrium film is constructed by using a general oscillator model, available in WVASE32Ô software accompanying with the J. A. Woolam ellipsometer. 16 ) One Drude and two Lorentz oscillators are incorporated in this model. Table 4 lists three fitting parameters for each oscillator. The first Lorentzian represents the direct interband transition with its electronic transition at 1.86 eV. Since the peak for the second Lorentzian broadens around 5.2 eV, absorption takes place by unlocalized, indirect transitions. These high energy transitions reveal that the excitonic level in the yttrium films is caused by hydrogenmetal interaction. After theoretical modeling by using GW approximation for YH 3 , 19) no-zero value of imaginary dielectric function at zero frequency is related to the broadening of the Lorentzian. Excitonic levels exist by small amount of hydrogen impurity in the film. 20) Van Gogh et al. 21) reported this fact when using one Drude and three Lorentz oscillators. Figure 6 depicts the variation of n and k in the function of !. In all wavelengths from invisible light to infrared region, yttrium film becomes metallic. As shown in Fig. 7 , it has large absorbance and reflectance, leading to almost no optical transmittance of this film. This absorbance has a peak around 540 nm. It significantly reduces at the infrared region. Figure 8 depicts a cross-sectional micrograph of yttrium thin film deposited on the glass substrate by FE-SEM. The thickness of each layer on the substrate is estimated as listed in Table 3 . The thickness from this micrograph is about 335 nm, which is thicker than 324 nm in Table 3 . Yttrium oxide layer and surface roughness are included in the above observation.
Ellipsometric characterization on hydrogenated
yttrium films Hydrogenation process of the yttrium thin films at ambient condition is described by the ellipsometry. Formation ofyttrium hydride was detected by XRD and TEM for hydrogenated Y/Pd structured films at ambient pressure and humidity. As shown in Fig. 9 , the hydrogenated film on the Fig. 4 Comparison of the extinction coefficient (k) and refractive index (n) in the function of wave length ! for Y 2 O 3 thin films between experimentally measured data and regression curves using the dispersion functions. substrate has a multilayered structure. Top layer is PdH x , hydrogenated palladium. Main layer is composed of fccstructured YH x , -YH 2AE$ after SAED pattern. Nano-beam diffraction pattern close to the interface implies that hydrogen enriched -YH 2AE$ is formed. Two-step modeling is also utilized to investigate the optical properties of YH x films. Table 5 lists the present multilayered models for step-I and step-II.
4.2.1
Step-I in the ellipsometric characterization on the hydrogenated yttrium films A Pd-coated SiO 2 substrate system is used for ellipsometric measurement to investigate the dielectric response of palladium film in the hydrogenation process. The thickness of PdH x film is estimated to be 29:976 AE 0:211 nm from the ellipsometric measurement of and Á in Fig. 10 . Surface roughness is negligibly small enough to be omitted from this model. The general oscillator model is applied to characterize PdH x film on the glass substrate, as listed in Table 6 . Optical constants and transmittance are compared in Figs. 11 and 12 between Pd and PdH x films. Through hydrogenation, both n and k are reduced with increasing !, as suggested by Mor et al. 22) This might be corresponding to narrowing of Lorentzian peak at 0.1041 eV. Since k > n for PdH x , the hydrogenated palladium still remains metallic. 23) In fact, the measured transmittance becomes less than 10% in the visible light range in Fig. 12 . This difference in the transmittance between PdH x and Pd is caused by reflection, which is function in both n and k. Significant difference of n is noticed at 350 nm to increase with !, corresponding to increase of difference between two in Fig. 12. 
4.2.2
Step-II in the ellipsometric characterization on the hydrogenated yttrium films Ellipsometry measurement results of É and Á as well as their curve-fitting, are shown in Fig. 13 for hydrogenated Pdcapped yttrium films at ambient pressure. Thickness of each layer as well as compositions of EMA layer, are listed in Table 7 .
The parameters of oscillators are listed in Table 8 for YH x modelled in Table 6 . Plasma frequency for the hydrogenated film becomes higher than that for pure yttrium film: ! p ¼ 12:38 for hydrogenated films and ! p ¼ 5:23 for pure yttrium films in Table 3 . This implies that the hydrogenated film has higher conductivity since ! p 2 / n c , where n c is carrier/ electron density. This film also has smaller broadening or larger electronic relaxation time by two orders than the original yttrium film. Increase of plasma frequency and electronic relaxation time confirms that hydride film is metallic. Structural changes in the film greatly affect its electronic band structure. Three major interband transitions in the film were identified by the Lorentz and Tauc-Lorentz oscillators. Transition with the energy peak at 1.8 eV in pure yttrium film disappeared and a broad dispersion was observed around 0.074 eV. The peak at 5.1 eV shifted to 5.9 eV with much localization. These changes are closely related to state and role of hydrogen in the film lattice structure. Interband transition in low energy impurity band, corresponds to larger electronic relaxation time or increase of plasmon energy. This high plasmon energy at lower energy results in high optical reflection of the yttrium hydride film at the infrared region in Fig. 14 . Although a small gap exits around 2.1 eV in the Tauc-Lorentzian, this gap is not noticeable in the optical transmittance measurement because of large extinction of the film in Fig. 15 . No. Oscillator Table 8 Oscillators and their parameters for palladium capped yttrium thin film after hydrogenation in ambient hydrogen pressure at room temperature. Corresponding to Fig. 9 , five-layered model was built in; the thick of hydrogen enriched -YH x was estimated much larger than that of normal -YH x . This unrealistic result might be due to the fact that hydrogen in the sample for ellipsometric measurement diffuses somehow from the interfacial region to the inside of films. The present fourlayered modeling is effective to quantitatively describe the hydrogenated Pd-capped films by combining the enriched and normal -YH x layers into one single layer.
Conclusion
Multi-layered modeling was developed to predict the properties of a metallic yttrium film as well as a hydrogenated yttrium film in the Pd capped yttrium system. Accurate estimate of parameters in the dispersion functions for each layer depends on the careful choice of the functional forms for oscillators in the present modeling. The properties of the metallic yttrium were first described by means of the two step modeling. The first step in this modeling provides the optical constants of Y 2 O 3 , which is further used in the second step to predict the properties of the metallic yttrium in the system of substrate/Y/Y 2 O 3 layers.
This multi-layered modeling was further applied with success to investigate the properties of hydrogenated palladium capped yttrium system. Under the ambient hydrogen pressure, Pd-capped yttrium films have low resistivity, or, hydrogenated yttrium is still metallic. Little or no significant changes were observed in the oscillator parameters of the top hydrogenated palladium layer. This demonstrates that palladium top coating works as a cap layer for yttrium films during hydrogenation and dehydrogenation processes. 
